Sepsis elicits severe alterations in cardiac function, impairing cardiac mitochondrial and pressure-generating capacity. Currently, there are no therapies to prevent sepsis-induced cardiac dysfunction. We tested the hypothesis that administration of a mitochondrially targeted antioxidant, 10-(6Ј-ubiquinonyl)-decyltriphenylphosphonium (MitoQ), would prevent endotoxin-induced reductions in cardiac mitochondrial and contractile function. Studies were performed on adult rodents (n ϭ 52) given either saline, endotoxin (8 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ), saline ϩ MitoQ (500 M), or both endotoxin and MitoQ. At 48 h animals were killed and hearts were removed for determination of either cardiac mitochondrial function (using polarography) or cardiac pressure generation (using the Langendorf technique). We found that endotoxin induced reductions in mitochondrial state 3 respiration rates, the respiratory control ratio, and ATP generation. Moreover, MitoQ administration prevented each of these endotoxin-induced abnormalities, P Ͻ 0.001. We also found that endotoxin produced reductions in cardiac pressure-generating capacity, reducing the systolic pressure-diastolic relationship. MitoQ also prevented endotoxin-induced reductions in cardiac pressure generation, P Ͻ 0.01. One potential link between mitochondrial and contractile dysfunction is caspase activation; we found that endotoxin increased cardiac levels of active caspases 9 and 3 (P Ͻ 0.001), while MitoQ prevented this increase (P Ͻ 0.01). These data demonstrate that MitoQ is a potent inhibitor of endotoxin-induced mitochondrial and cardiac abnormalities. We speculate that this agent may prove a novel therapy for sepsis-induced cardiac dysfunction.
RECENT DATA DEMONSTRATE A strong association between the severity of alterations in mitochondrial function and an increased mortality in patients with sepsis (3) . There are several potential mechanisms by which alterations in mitochondrial function could influence the development of organ dysfunction and death. First, reductions in mitochondrial function act to alter cellular energy metabolism, reducing the availability of high-energy phosphates and increasing the reliance upon nonoxidative mechanisms of high-energy phosphate generation (10) . Theoretically, such alterations could lead to intracellular metabolic alterations that may compromise cellular function. Second, some forms of mitochondrial dysfunction can lead to generation of excess production of toxic reaction products (e.g., hydrogen peroxide, lipid peroxides) with the potential to produce widespread alterations in organelle function (11, 30) . Finally, mitochondria play a major role in the induction of caspase activation via release of cytochrome c (21) . Caspase activation, in turn, is now recognized as an important mediator of sepsis-induced cellular injury in a number of organs, including the heart, kidney, liver, and diaphragm (18, 27, 31, 32) .
Taken together, these three processes (alterations in mitochondrial energy metabolism, mitochondrial release of toxins, mitochondrially triggered caspase activation) may interact to induce organ dysfunction, progressive multisystem failure, and ultimately, death. In theory, free radicals may play a pivotal role in the induction of all three of these mitochondrially linked processes. Free radicals can damage mitochondria directly (2), reducing ATP generation; can generate byproducts that leave mitochondria and produce toxic effects on other organelles (17) ; and are a known trigger of caspase activation and apoptosis (21) . As a result, agents that reduce mitochondrial free radical generation may theoretically prevent organ failure.
On the basis of this logic, the present study was performed to determine whether administration of 10-(6Ј-ubiquinonyl)-decyltriphenylphosphonium (MitoQ), a powerful mitochondrially targeted antioxidant (29) , could reduce the evolution of mitochondrial dysfunction and organ failure in sepsis. We focused this study on the effects of sepsis and MitoQ on cardiac function because this particular organ is known to fail with severe sepsis (23) , to have significant sepsis-induced mitochondrial abnormalities (28) , and to develop contractile dysfunction, partly because of caspase-mediated contractile protein cleavage (18) . These experiments tested the specific hypotheses that: 1) endotoxin administration would elicit significant reductions in cardiac mitochondrial function, caspase activation, and reductions in cardiac pressure-generating capacity; 2) administration of MitoQ would largely prevent cardiac mitochondrial dysfunction and reductions in cardiac pressure-generating capacity; and 3) MitoQ would also ablate sepsis-induced increases in myocardial caspase activation.
METHODS
Experimental protocol. Experiments were performed using rats (200 -250 g body wt, n ϭ 34 total) and mice (25-35 g body wt, n ϭ 18). Both species were used because our techniques to assess mitochondrial performance are optimized for assessment of mouse hearts, while our Langendorf technique is optimized for measurements using rats. Approval for this work was granted by the Institutional Animal Care and Use Committee. Animals were given food and water ad libitum and housed in university facilities. Saline (60 mg⅐kg Ϫ1 ⅐day
Ϫ1
) was administered subcutaneously to maintain fluid volume status. Animals were sedated with pentobarbital (50 mg/kg ip) before euthanasia.
Four experimental groups were examined: 1) a control group given water orally and injected intraperitoneally with saline (0.3 ml) for 2 days, 2) animals injected intraperitoneally with endotoxin (Escherichia coli endotoxin from Sigma, St. Louis, MO) 8 mg ⅐ kg Ϫ1 ⅐ day
for 2 days and given water orally, 3) a group given water containing 500 M MitoQ and injected intraperitoneally with endotoxin 8 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 for 2 days, and 4) a group given water containing 500 M MitoQ and injected intraperitoneally with saline for 2 days. MitoQ administration was begun on the day of endotoxin injection, so this experiment was designed to determine whether this drug could "prevent" cardiac dysfunction in response to endotoxin administration. The dosage of MitoQ was chosen based on preliminary experiments by M. P. Murphy demonstrating physiologic effects at this concentration in the study of nonmuscular tissues. At the end of 48 h after initial injections, animals were killed and hearts were removed. Excised hearts from mice (n ϭ 4 -5/group) were used to assess cardiac mitochondrial function, caspase activity, and OxyBlot determinations. Cardiac mitochondrial assessment consisted of determination of state 3/state 4 oxygen consumption polarographically, measurement of FCCP-coupled respiration, and measurement of NADH oxidase activity. Excised hearts from rats (n ϭ 8 -9/group) were used to either assess cardiac function via the Langendorf technique or were frozen immediately after excision, stored at Ϫ80°C, and later assayed for caspase activity and OxyBlot determinations.
Several experimental animal models can be used to examine the effects of sepsis on organ function. Overall, the animal model that is thought to provide the best representation of the human response to infectious agents is the cecal ligation perforation model of sepsis. For studying sepsis-induced cardiac dysfunction, however, many investigators employ the injection of endotoxin (LPS) since Natanson et al. (19) have shown that this latter model induces alterations in cardiac function that closely simulates the pattern observed in human patients with septic shock. For this reason, we chose to use endotoxin injection as a model of sepsis in the present study. It will be important, however, to test this agent in other animal models of sepsis to determine whether it also has beneficial effects on other organs and does not interfere with host defenses.
Assessment of states 3 and 4 mitochondrial respiration. Mitochondria oxygen consumption was assessed using a Clark-type electrode (4) . Hearts were first placed in cold isolation buffer (180 mM KCL, 5 mM MOPS, 2 mM EGTA, pH 7.25 at 4°C). After mincing finely with scissors, muscle pieces were homogenized for two, 7-s periods using a Polytron homogenizer set at one-half speed. A portion of this homogenate was assayed for protein content; the remaining homogenate was centrifuged at 600 g for 7.5 min at 4°C, and the pellet discarded. The supernatant was centrifuged at 5,000 g for 10 min at 4°C, and the resulting mitochondrial pellet was resuspended in isolation buffer. State 3 and state 4 mitochondrial oxygen respiration rates were then measured according to established procedures (4) using a Clark-type oxygen electrode (Instech, Plymouth Meeting, PA). For these assays, mitochondria were diluted to a protein concentration of 0.5 mg/ml in buffer (120 mM KCl, 5 mM KH2PO4, 5 mM MOPS, 1 mM EDTA, pH 7.25). State 2 respiration was initiated by adding pyruvate (10 mM)/malate (2.5 mM), and ADP (0.5 mM) was added to initiate state 3. The ADP-to-O ratio was determined from the total oxygen consumption elicited during state 3 respiration after administration of a known amount of ADP. The ATP production rate was calculated as the product of state 3 respiration rate times the ADPto-O ratio.
FCCP respiration rates. For this assay, an aliquot of mitochondria, isolated as described in the preceding paragraph was added to buffer (120 mM KCl, 5 mM KH2PO4, 5 mM MOPS, 1 mM EDTA, pH 7.25) in an Instech chamber containing a Clark electrode. Oxygen consumption rates were then determined after the addition of FCCP (10 nM).
Electron transport chain NADH oxidase assay. The electron transport chain NADH oxidase assay was used to assess the respiration rate of isolated, uncoupled mitochondria in response to the addition of exogenous NADH; a reduction in this rate indicates inhibition of electron transport by the mitochondrial proteins (5) . Mitochondrial isolates were placed in hypotonic respiration solution (20 mM KH2PO4, 0.1 mM EDTA, pH 7.25) to induce mitochondrial swelling (permitting access of exogenous NADH to the electron transport chain). We then added cytochrome c to a final concentration of 700 M to compensate for any potential loss of cytochrome c from the intermembrane space. NADH (20 mM) was added to initiate respiration, and we measured NADH-stimulated oxygen consumption rates.
Assessment of cardiac pressure-generating capacity. Pressure-generating capacity of hearts was assessed using the Langendorf technique (6) . In brief, after pentobarbital anesthesia (50 mg/kg), the chest was opened and the heart removed with associated ascending aorta. The aortic root was quickly cannulated and the cannulated heart attached to a constant pressure temperature-controlled (37°C) Langendorf perfusion circuit (Radnoti Glass, Monrovia, CA). Aortic root pressure was adjusted to 80 mmHg and perfused with KrebsHenselheit solution (pH 7.40, 135 mM NaCl, 5 mM KCl , 11.1 mM dextrose, 2.5 mM CaCl2, 1 mM MgSO4, 14.9 mM NaHCO3, 1 mM NaHPO 4, 50 U/l insulin, gassed with 95% O2-5% CO2). A thin-walled balloon was inserted into the left ventricle via the left atrium and attached to a pressure transducer. Pacer wires were inserted into the right atrium. After a 15-min equilibration period, stepwise increments and decrements in left ventricular balloon diastolic pressure were made by infusing small amounts of saline into the balloon circuit while the heart was paced at 300 beats/min. Developed systolic pressures were recorded over a range of diastolic pressure from 10 to 30 mmHg. using a Gould strip chart recorder (Gould Electronics, Cleveland, OH).
Determination of caspase activity. A modified BIOMOL assay (BIOMOL, Plymouth Meeting, PA) was employed to determine caspase activity for muscle homogenates (14) . For this assay, muscle homogenate (100 g protein) was added to assay buffer and a caspase-specific fluorogenic substrate. For caspase 3 activity determination we used a caspase 3-specific fluorogenic substrate, 30
To determine caspase 8 activity we used 30 M Ac-IETD-AMC, and to determine caspase 9 activity we used 30 M Ac-LEHD-AMC. Duplicate determinations were made with muscle homogenate, assay buffer, substrates, and specific caspase inhibitors for each sample. For inhibitors, we used 20 nM DEVD-CHO to inhibit caspase 3, 20 nM IETD-CHO to inhibit caspase 8, and 20 nM LEHD-CHO to inhibit caspase 9. For each set of measurements, immediately after substrate was added, a baseline fluorescent measurement of AMC was performed using a Molecular Devices spectrofluorophotometer (excitation frequency of 360 nm and emission frequency of 460 nm). This measurement was then repeated after 0.5 h of incubation at 30°C. AMC and caspase standards were used to quantitate activity levels.
Determination of OxyBlot density. Prior to SDS-PAGE gel analysis, samples used for OxyBlot determination were prepared as per the manufacturers instructions (OxyBlot Kit; Chemicon, Temecula, CA). Derived protein samples for OxyBlot determinations were then diluted with an equal volume of a loading buffer (126 mM Tris ⅐ HCL, 20% glycerol, 4% SDS, 1.0% 2-mercaptoethanol, 0.005% bromphenyl blue, pH 6.8). Samples were then loaded onto 12% Tris glycine polyacrylamide gels, and proteins were separated by electrophoresis (Novex Minicell II). Standard molecular weight markers were also loaded onto gels to permit approximation of protein band molecular weights. After electrophoresis, proteins were transferred to polyvinylidene fluoride membranes and incubated overnight at 4°C with antibodies to targeted proteins. Membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies, and antibody binding was detected using enhanced chemiluminescence (NEN Life Science Products, Boston, MA). Gel densitometry was performed using a Microtek (Carson, CA) scanner and UN-SCAN-IT software (Silk Scientific, Orem, UT).
Cardiac TNF-␣ concentrations. Tissue TNF-␣ levels were measured on cardiac homogenates using the BIOMOL TNF-␣ ELISA assay kit. The manufacturer's instructions were followed when performing these assays.
Statistical analysis. ANOVA was used for comparison of caspase levels and diaphragm forces across experimental groups. Tukeys test was used to determine differences between individual groups following ANOVA. A P value of Ͻ 0.05 was taken as indicating statistical significance. Data are presented as means Ϯ SE.
RESULTS

Protein carbonyl formation and cardiac TNF-␣ levels.
We assessed oxidative stress for cardiac samples from the four experimental groups using the OxyBlot technique, which determines protein carbonyl formation, as shown in Fig. 1 . For rats, we found that hearts from endotoxin (LPS)-treated animals manifested substantially denser protein carbonyl bands than observed for samples from control animals (P Ͻ 0.001).
Moreover, administration of MitoQ in concert with endotoxin prevented this increase in protein carbonyl formation, with OxyBlot band density for this group of experiments similar to that observed for control animals given saline or animals given MitoQ alone (P Ͻ 0.01). Similar responses were noted for OxyBlot assessments made on samples from mice, with total OxyBlot band density averaging 11.6 Ϯ 0.4 densitometry units (DU) for control, 14.5 Ϯ 0.1 DU for LPS, 10.9 Ϯ 0.5 DU for LPS ϩ MitoQ, and 11.7 Ϯ 0.4 DU for MitoQ alone groups (P Ͻ 0.01 for comparison of control to LPS and control to LPS ϩ MitoQ groups). As a control, we also performed blots in which 2,4-dinitrophenylhydrazine was not included in the sample incubation mixture; these blots were completely blank, indicating that the OxyBlot staining represented in Fig. 1 specifically assesses protein carbonyl side group reaction with the OxyBlot reagent.
Cardiac TNF-␣ levels were increased in the LPS-treated animals and were also elevated above control levels in the LPS ϩ MitoQ group. Mean mouse cardiac TNF-␣ levels averaged 52 Ϯ 3, 183 Ϯ 24, 148 Ϯ 39, and 29 Ϯ 6 pg/mg, respectively, for control, LPS, LPS ϩ MitoQ, and MitoQ groups (P Ͻ 0.01 for comparison of LPS and LPS ϩ MitoQ to the control group).
Parameters of mitochondrial respiration. As expected, endotoxin administration had significant deleterious effects on mitochondrial function, with mouse heart mitochondrial isolates from endotoxin-treated animals demonstrating lower state 3 respiration rates ( Fig. 2 , P Ͻ 0.001), lower respiratory control ratios ( Fig. 3 , P Ͻ 0.01) and lower levels of calculated ATP production (P Ͻ 0.01) than observed for mitochondria isolated from the hearts of control animals. Endotoxin administration also reduced mitochondrial NADH utilization (P Ͻ 0.01) and reduced maximal uncoupled respiration rates following FCCP administration (P Ͻ 0.01, Table 1 ). These changes are consistent with an effect of endotoxin to inhibit electron flow through the electron transport chain. Administration of MitoQ prevented these endotoxin-induced changes in mitochondrial function, with state 3 respiration rates, and respiratory control ratios for cardiac mitochondrial isolates for animals given both endotoxin and MitoQ significantly higher than values for samples taken from animals given endotoxin alone (P Ͻ 0.01 for each of these comparisons, Figs. 2 and 3) . Values for animals given MitoQ alone were similar to those obtained from saline-treated control animals. Calculated ATP produc- Fig. 1 . Cardiac OxyBlots. Top: OxyBlot determinations for cardiac samples from representative control, endotoxin, 10-(6Ј-ubiquinonyl)-decyltriphenylphosphonium (MitoQ), and endotoxin ϩ MitoQ-treated animals. OxyBlot protein staining was more prominent for the endotoxin sample compared with the other groups. Bottom: a duplicate gel examining silver staining for all proteins contained in these samples; this serves as a loading control. 
We also found that the dose of endotoxin used in the present study did not induce uncoupling of oxidative phosphorylation or a rise in resting oxygen consumption, since ADP-to-O ratios and state 4 respiration rates for cardiac mitochondrial isolates from endotoxin-treated animals were similar to those for saline-treated controls (Figs. 2 and 3) .
Effects on caspase activity levels. Endotoxin administration elicited a significant increase in rat cardiac caspase 3 and caspase 9 activity levels as shown in Fig. 4 (P Ͻ 0.001 and P Ͻ 0.001, respectively, for comparison of caspase 3 and caspase 9 levels between control and endotoxin-treated groups). In parallel with the effects of this agent to attenuate oxidative stress and preserve mitochondrial function, this agent also prevented these endotoxin induced increases in caspase 3 and 9 activity (P Ͻ 0.01 for comparison of endotoxin to endotoxin ϩ MitoQ groups). Similar responses were observed for samples from mouse experiments, with caspase 3 activity averaging 6.2 Ϯ 1.1, 59.0 Ϯ 7.6, 13.1 Ϯ 8.0, and 9.8 Ϯ 6.7 nM ⅐min Ϫ1 ⅐mg Ϫ1 , respectively, for control, endotoxin, endotoxin ϩ MitoQ. and MitoQ groups (P Ͻ 0.01 for comparison of control to endotoxin and for endotoxin to endotoxin ϩ MitoQ groups).
Effects on cardiac pressure generation. Endotoxin elicited a significant downward shift in the rat cardiac systolic pressurediastolic pressure relationship, as shown for pressure tracings from representative experiments in Fig. 5 and for group mean data in Fig. 6 . These reductions in pressure-generating capacity occurred over the entire range of diastolic pressures examined (10 to 35 mmHg) with, on average 29%, 31%, 31%, 27%, 29%, and 31% reductions in systolic pressure for hearts from endotoxin-treated animals at diastolic pressures of 10, 15, 20, 25, 30, and 35 mmHg, respectively (P Ͻ 0.01 for comparison of control to endotoxin groups for all diastolic pressures). MitoQ administration prevented this endotoxin-induced reduction in cardiac pressure generation, with systolic pressures for hearts from animals given both endotoxin and MitoQ similar to values for saline-treated control hearts at all tested levels of diastolic pressure. Hearts from animals given MitoQ alone had pressure-generating levels similar to those obtained for control animals.
Alterations in rat ventricular ϩdP/dt as the result of endotoxin treatment and administration of MitoQ were similar to the pattern of changes observed in developed systolic pressures (see Table 2 ), with endotoxin reducing this index of cardiac performance and MitoQ preventing these endotoxin-induced changes. The relationship between diastolic pressure and the volume added to the left ventricular balloon circuit was similar for the four experimental conditions (see Table 3 ), suggesting that precontraction left ventricular compliance was not significantly altered by the various treatments.
DISCUSSION
This study found that endotoxin-induced sepsis causes 1) an increase in cardiac levels of a marker of oxidative stress, 2) a profound reduction in cardiac mitochondrial function, 3) reductions in cardiac pressure-generating capacity, and 4) acti- Endotoxin administration elicited a large reduction in NADH utilization (P Ͻ 0.001 for comparison of control to endotoxin groups), and FCCP-stimulated respiration (P Ͻ 0.001 for comparison of control to endotoxin). Administration of 10-(6'-ubiquinonyl)-decyltriphenylphosphonium (MitoQ), prevented these endotoxin-induced alterations (P Ͻ 0.01 for comparison of NADH utilization between endotoxin and endotoxin ϩ MitoQ groups; P Ͻ 0.01 for comparison of FCCP-stimulated respiration between these two groups). *Statistically significant difference between the endotoxin alone treated group and the other experimental groups.
vation of the intrinsic caspase pathway within the heart. Moreover, we found that administration of the potent, mitochondrially targeted antioxidant MitoQ abrogated each of these endotoxin-induced alterations in cardiac physiology and biochemistry. Mitochondrial assays were performed in mice, while assessment of cardiac contractile function was made for rats because of methodological requirements. Two key indices, namely, caspase 3 and protein carbonyl levels, were performed in both rats and mice, with similar results obtained in both species.
Sepsis and cardiac dysfunction. While many septic patients have an increased cardiac output related to reductions in cardiac afterload secondary to peripheral vasodilatation, it is thought that most septic patients have some degree of cardiac dysfunction that limits cardiac output below the levels one would expect in a patient with a normal cardiovascular system subjected to the same afterload reduction (14) . As a result, cardiac dysfunction in sepsis may contribute to reductions in tissue oxygen delivery in most patients with sepsis. Moreover, in an important subset of septic patients, reductions in cardiac performance are so severe that cardiac output is substantially reduced, even to the level observed after massive myocardial infarction. In these particular patients, cardiac dysfunction is often the cause of death (22) .
Over the past 20 years substantial progress has been made in identifying the mechanism by which sepsis elicits cardiac dysfunction. In early work, Snell and Parrillo (24) identified a circulating substance termed myocardial depressant factor that could be isolated from animals and humans with septic shock, that was found to induce cardiovascular dysfunction when given to donor animals, and also, that induced cardiac dysfunction in isolated cells when incubated with cardiomyocytes in vitro. This work also identified myocardial depressant factor as a combination of TNF-␣ and IL-1␤ (15) . In more recent experimentation, several groups have shown that sepsis elicits significant activation of caspase pathways in the heart and have suggested that caspase-mediated contractile protein cleavage may be a major mechanism by which cytokines, i.e., TNF-␣ and IL-1␤, induce cardiac dysfunction (18) . This work has shown that cardiac caspase activation occurs primarily via the intrinsic caspase pathway following endotoxin administration, resulting in an increase in cardiac caspase 9 activity (16). Endotoxin-induced cardiac caspase 9 activation, in turn, triggers caspase 3 activation and is associated with cleavage of Fig. 4 . Cardiac caspase 3 (left) and caspase 9 (right) activity. Endotoxin induced a large increase in both cardiac caspase 3 and caspase 9 activities (P Ͻ 0.001 for comparison of control to endotoxin-treated groups). MitoQ administration blocked this endotoxin effect on caspase activities (P Ͻ 0.01 for comparison of caspase 3 between endotoxin and endotoxin ϩ MitoQ groups; P Ͻ 0.01 for comparison of caspase 9 between these 2 groups). *Statistically significant difference from the other groups. AMC, amino-4-methylcoumarin. Fig. 5 . Representative left ventricular pressure tracings. The heart from an animal given endotoxin administration developed a much lower left ventricular pressure (right top tracing) compared with the pressure generated by a heart from a control animal (left top tracing). Developed left ventricular pressure for a heart from an animal given both endotoxin and MitoQ (left bottom tracing) was similar to the pressure in a control heart. Pressures for animals given MitoQ alone (right bottom tracing) were similar to control. several cardiac contractile proteins, including troponin T (19) . In keeping with this theory, Communal et al. (7) found that incubation of isolated cardiac contractile elements with activated caspase 3 results in a marked depression of cardiac contractile protein force-generating capacity and cleavage of several important elements of the cardiac contractile protein matrix (including troponin T, actin, and actinin).
Several of the findings in the present study are consistent with these previous reports. We found that endotoxin administration was associated with severe alterations in cardiac function, with systolic pressure generation depressed significantly (%, on average) over a wide range of cardiac diastolic pressures (10 -35 mmHg). Also in keeping with previous reports, we found that endotoxin elicited significant increases in cardiac caspase 3 and caspase 9 activation.
Sepsis and mitochondrial dysfunction. While a role for caspase activation in the development of cardiac dysfunction resulting from sepsis seems reasonably plausible based on recent reports, there is far more controversy regarding the role that mitochondrial dysfunction plays in the induction of failure of the heart and other organs in sepsis. Supporting the potential importance of mitochondrial abnormalities in sepsis, a number of previous studies have shown that this condition is associated with the acute development of fairly severe cardiac mitochondrial dysfunction, producing reductions in function that are comparable in magnitude to those observed in patients with congenital mitochondrial disorders associated with the development of cardiomyopathy (28) . In addition, Brealey et al. (3) have shown that the existence of mitochondrial dysfunction in tissue samples taken from septic ICU patients is associated with a poor prognosis, and is a strong predictor of death. Certainly, the findings of the present study are consistent with these previous reports. We found that endotoxin administration was associated with severe reductions in multiple indices of cardiac mitochondrial function, reducing state 3 respiration rates, maximal ATP production rates, and the respiratory control ratio.
While we found that sepsis reduced state 3 respiration rates in the present study, others have suggested that sepsis and endotoxemia can also induce reductions in the total mitochondrial volume content of tissues. These data are complementary, i.e., the total capacity of the mitochondrion to generate ATP is the combined product of its state 3 rate/milligram mitochondrial protein, its ADP-to-O ratio, and the total mitochondrial protein or volume content. As a result, total mitochondrial energy-generating capacity may be even more depressed by sepsis than is evident from the state 3 data presented in the present experiment.
Whether or not the energetic alterations engendered by the development of mitochondrial dysfunction during sepsis are directly responsible for poor clinical outcomes is controversial. On the one hand, Solomon et al. (25) have suggested that it is unlikely that cardiac mitochondrial derangements engendered by sepsis produce organ failure by altering cardiac ATP levels because they found that cardiac energy stores were only mildly Values are means Ϯ SE (in mmHg/s). Endotoxin-induced reductions in ϩdp/dt for contractions assessed at diastolic pressures between 15 and 35 mmHg and concomitant administration of MitoQ prevented these endotoxin induced changes *Statistically significant difference between the endotoxinalone treated group and the other experimental groups (control, endotoxin plus MitoQ, MitoQ alone). 10 mmHg  394Ϯ12  388Ϯ15  398Ϯ9  394Ϯ19  15 mmHg  446Ϯ13  438Ϯ14  447Ϯ12  443Ϯ20  20 mmHg  480Ϯ14  468Ϯ13  482Ϯ14  477Ϯ23  25 mmHg  509Ϯ15  493Ϯ15  509Ϯ15  505Ϯ24  30 mmHg  530Ϯ17  513Ϯ15  531Ϯ15  526Ϯ25  35 mmHg  546Ϯ18  526Ϯ17  546Ϯ15  542Ϯ27 Values are means Ϯ SE (in l). Diastolic pressure-volume relationships were similar for the four experimental groups.
reduced in septic animals with substantial cardiac dysfunction. On the other hand, the presence of normal ATP levels does not necessarily mean that mitochondrial function is normal. Theoretically, compensatory measures that limit cardiac work to match reduced energy supply levels due to mitochondrial dysfunction may preserve ATP levels, but at the expense of reduced cardiac performance.
In addition, there are other mechanisms by which alterations in mitochondrial function can elicit organ dysfunction that are unrelated to changes in energy metabolism. We have previously shown that sepsis-induced cardiac mitochondrial dysfunction is associated with a significant increase in the generation of reactive oxygen species (i.e., superoxide, hydrogen peroxide) by cardiac mitochondria (26) . Reactive oxygen species generated by mitochondria can alter organelle function directly and can also generate byproducts, such as hydroxynonenal, that can react with and alter protein function (9) . In addition, some work suggests that mitochondrially generated free radicals can react with mitochondrial porin, opening this pore and facilitating release of cytochrome c from the intermembrane mitochondrial space (13) . Cytochrome c, in turn, triggers formation of the apoptosome, leading to caspase 9 activation (5).
The findings of the present study are consistent with the possibility that cardiac free radical generation is linked to caspase activation and thence to reductions in cardiac pressuregenerating capacity in sepsis. Specifically, we found that MitoQ, a potent free radical scavenger, prevented cardiac mitochondrial dysfunction, caspase 9 activation, caspase 3 activation, and reductions in cardiac pressure-generating capacity after endotoxin administration. In addition, MitoQ also prevented endotoxin-induced increases in cardiac levels of protein carbonyls, an index of tissue free radical generation. These findings are consistent with the possibility that reactive oxygen species derived from mitochondria play an important role in triggering caspase-mediated cardiac contractile protein damage in endotoxin-induced sepsis.
The present study is the first, of which we are aware, to examine the effects of a mitochondrially targeted antioxidant, MitoQ, on cardiac mitochondrial and pressure-generating capacity in an animal model of sepsis. MitoQ is a ubiquinone derivative specifically targeted to mitochondria via covalent attachment to a lipophilic triphenylphosphonium cation through an aliphatic carbon chain (1, 8, 12) . Because mitochondria have a large membrane potential gradient, with a highly negative internal charge, the phosphonium cation on this molecule is strongly attracted to the mitochondrial interior, while the aliphatic side chain incorporated into this agent facilitates insertion in the lipid bilayer of the mitochondrial membrane. As a result, this agent preferentially localizes to mitochondria where it is concentrated at levels 500-to 1,000-fold those in the extracellular space. Previous in vitro work has suggested that this results in MitoQ performing as an extremely potent mitochondrial-targeted antioxidant (8, 12) . Moreover, in vitro work has also shown this agent potently blocks oxidative stressinduced cellular apoptosis, while nonmitochondrially targeted ubiquinone analogs have no such effect (12) . The present work extends these previous in vitro studies by demonstrating this agent is also capable of blocking caspase activation in the intact heart following endotoxin administration. Our finding that this agent preserves mitochondrial state 3 rates may be due to its antioxidant effects, preventing oxidative modification and loss of function of key mitochondrial proteins. Alternatively, this agent may directly participate in maintaining electron flux through the proximal portion of the electron transport chain since it directly associates with the inner mitochondrial membrane.
Perspectives and Significance
The current work focused on an examination of the effects of MitoQ on cardiac caspase activation and cardiac dysfunction, demonstrating that this agent prevents reductions in cardiac mitochondrial and contractile function when given to animals with endotoxin-induced sepsis. Recent studies indicate that sepsis is associated with mitochondrial dysfunction and caspase activation in numerous organs, including the liver, kidney, skeletal muscle, intestine, and lymphoid tissues (20, 27, 31, 32) . It is important to note that one recent study found that MitoQ also preserved renal and liver function in an animal model of sepsis (18) . Additional work will be needed to determine whether MitoQ is also capable of preventing mitochondrial dysfunction and caspase activation in other tissues and organs and using other animal models of sepsis (e.g., cecal ligation perforation, pneumonia, bacterial infusion). If so, this agent may prove useful as a therapeutic means of preventing organ failure in sepsis.
